. However, the structural homology between TFTC and SAGA remains to be demonstrated, and more importantly, the organization of subunits within these coactivators is unknown. Some information about the organization of SAGA may be inferred from studies of TFIID. The structure of S. cerevisiae TFIID is composed of three major lobes and resembles a molecular clamp (Leurent et al., 2002 (Leurent et al., , 2004 . Immunolabeling experiments demonstrated that Tafs containing histone fold domains are present in two locations and confirmed that the previously characterized heterodimer pairs are present in the native structure. As SAGA contains several Tafs (Grant et al., 1998a), it is important to determine whether this subunit stoichiometry is preserved and whether TFIID and SAGA share an underlying organization based on a Taf substructure.
To investigate the molecular organization of SAGA, we have determined the three-dimensional (3D) structure of SAGA and characterized the positions of many of its subunits by electron microscopy. Our results show that SAGA is similar in size and structure to its human counterpart, TFTC, reflecting conservation in function as well as subunit composition. Localization of the Taf subunits in SAGA suggests a central structure that may form a scaffold on which SAGA-specific proteins assemble. Part of the Taf interface consists of core components of the complex, Spt7 and Ada1, which interact with the TAP tag on the Spt7 subunit, and characterized as previously described ( Figure 1A ) (Wu and Winston, 2002) . This preparation of SAGA possesses histone acetylucts or contaminants were also observed and were not further analyzed. The elongated particles were observed transferase activity and can be specifically recruited to a nucleosomal array by the Gal4-VP16 activator in vitro reproducibly in several different preparations and were found to be absent from ada1⌬ mutants, indicating that (data not shown). When viewed by electron microscopy, about two-thirds of the complexes appeared as elonthey correspond to the SAGA molecules. A total of 6041 molecular images were recorded and numerically anagated particles 27 ϫ 18 nm in size ( Figure 1B) . Smaller particles that could represent either degradation prodlyzed to obtain characteristic views of the particle. In details. Domain III (8 ϫ 8 ϫ 10 nm) is connected to domain II through a thin linker and to domain IV (9 ϫ 13 ϫ 9 nm). Two large clefts are present in the structure of SAGA, formed by domains I, II, and III for one and by  domains II, III, and IV fied two distinct labeled sites in view 4, in domains II and III (Table 1 and Figure 3A) . These results suggest that Taf6 is present in two copies in SAGA, similar to several views, SAGA appears to be composed of four domains, 7-10 nm in size (labeled I-IV in Figure 1C The SAGA views reveal striking similarities with the an average view was produced and a density difference map was calculated with the corresponding unlabeled previously analyzed TFTC complex, allowing for the use of the 3D model of TFTC for angular assignment. A view and was contoured at a 3 significance threshold ( Figure 3A ). These findings suggest that Taf10 is present total of 118 different views of the SAGA complex were identified, and the angular distribution of the views in two copies within SAGA, as was previously found for TFIID (Leurent et al., 2002 ). However, due to the showed that they form a tomographic series around the long axis of the molecule (data not shown). The pronounced symmetry of view 3 and the symmetric position of the two binding sites, it cannot be excluded that resolution tests gave values of 3.4 and 2.8 nm for the 0.5 FSC and the 3 criteria, respectively (see Experimental the two labeled sites correspond to the same location. The spatial distribution of Taf5, Taf6, and Taf10 was Procedures). The density threshold was set to delimit a volume of 1900 kDa, consistent with the mass of the found to be similar in SAGA and in TFIID ( Figure 3D ). The positions of Taf5 and Taf6 were used as anchor complex determined by gel filtration (Grant et al., 1997). SAGA is composed of four major domains that form a points to align the 3D models of TFIID and SAGA ( Figure  3E ). This alignment shows that the TFIID clamp fits into particle 27 ϫ 17 ϫ 13 nm in size (Figure 2A ). The two largest domains, I and II, 10 ϫ 11 ϫ 8 nm and 12 ϫ 9 ϫ the cleft formed by the SAGA domains II, III, and IV. However, major densities in TFIID, particularly lobe B, 10 nm in size, respectively, show considerable internal To map the position of Ada1 in SAGA, we used an Ada1-specific polyclonal antibody and two distinct 2000). In order to investigate whether the Taf10-Spt7 and Taf12-Ada1 interactions are plausible within the SAGA SAGA views were analyzed (Table 1 and Figure 4B , upper and lower panels, respectively). In both orientations complex, the positions of Spt7 and Ada1 were determined by different labeling approaches. In addition, the of SAGA, the antibodies bound to two distinct sites, one in domain II and one between domains III and IV. A small structure of an ada1⌬ mutant SAGA was characterized.
Two distinct methods were employed to position Spt7 fraction of complexes was labeled twice by the same antibody ( Figure 4B , upper right panel). These observawithin SAGA. First, the Spt7-CBP C-terminal fusion, the form of Spt7 in SAGA in the purified preparations used tions indicate that there are two copies of Ada1 in SAGA and that both reside proximal to the Taf subunits. The for these studies, was used to bind streptavidin-coupled, biotinylated calmodulin in the presence of an exAda1 subunits map in the domains in which the two Taf12 subunits are predicted to be located based on cess of calcium chloride (see Experimental Procedures). After incubation with this probe, 926 images of SAGA their arrangement in TFIID relative to other Tafs ( Figure ada1⌬ mutant, a SAGA subcomplex forms in which the subunit content is drastically reduced (Wu and Winston, 2002) . The mutant complex is most notably missing Tra1, Spt3, Taf12, Sgf29, and Ada3 ( Figure 4C ). When observed by electron microscopy, the purified particles appear significantly smaller than the wild-type SAGA particles, confirming that the integrity of the complex is strongly affected by the absence of Ada1 ( Figure 4D ). The analysis of 2478 molecular images revealed characteristic views of the ada1⌬ mutant ( Figure 4E ). The 3D model derived from 63 different views shows that the particle is composed of three distinct domains ( Figure  4G ). The 3D model was reprojected to illustrate the similarity between the calculated model and the original class averages (compare Figures 4E and 4F ). The 3D model of the ada1⌬ particles was mapped onto the model of the wild-type complex, using the positions of the two Ada1 subunits determined above as boundaries. The best fit between the two models indicates that the ada1⌬ mutant particle is centered on lobe III of SAGA and occupies part of lobes II and IV ( Figure 4H ). This positioning is consistent with our immunolocalization of both Tra1 and Spt3, both of which are predicted to be absent in the ada1⌬ SAGA mutant, and this is confirmed by the biochemical characterization.
Localization of Tra1 and Spt20
The Figure 5C ). This position for the Spt3 subunit in or near domain V identifies a potential TBP interaction module in the structure of SAGA. The histone acetyltranferase subunit Gcn5 was mapped using a Gcn5-specific antibody, and the analysis of 1676 labeled complexes showed, in two different views, that the antibodies bound to domain III in SAGA ( Figure 5D ). The Gcn5 subunit thus resides in the vicinity of the Taf subcomplex. This position for Gcn5 is intriguing, as it places the bromodomains in Spt7 and Gcn5, which interact with acetylated lysine in histone tails, in close proximity. It also separates the histone acetyltransferase activity of SAGA from the functionally distinct Spt3 subunit ( Figure 5E ).
Discussion
This study provides the first low-resolution 3D model of the S. cerevisiae SAGA coactivator complex, maps the positions of key subunits, and offers insight into the functional organization of the complex. As depicted in Figure 6 , SAGA is arranged into five distinct domains that appear to have specialized functions. The central domains II, III, and IV contain the Taf subunits that are shared with TFIID, and they are believed to play primarily an architectural role. The SAGA-specific structural components Spt7, Spt20, and Ada1 are also located within these regions. Domains I and V are involved in transcriptional regulatory functions as domain I consists mainly of the Tra1 protein, required for interaction with activators, and the flexible domain V contains the TBP-regulating proteins Spt3. The histone acetyltransferase Gcn5 is located in domain III. Overall, the organization of SAGA components into structural modules reflects their distinct functional roles.
The purified SAGA preparations reproducibly contain a large fraction of elongated particles that were shown to disappear when a deletion mutation is introduced into examining the interactions of SAGA with activators or (van Heel, 1987 
